[1] Serpentinites associated with eclogitic rocks were examined from three areas: the Alps, Cuba, and the Himalayas. Most serpentinites have low Al/Si and high concentrations of Ir-type platinum group elements (PGE) in bulk rock compositions, indicating that they are hydrated mantle peridotites. A few samples contain high Al/Si and low concentrations of Ir-type PGE, suggesting that they are ultramafic cumulates. Among the hydrated mantle peridotites, we identified two groups, primarily on the basis of Al/Si and Mg/ Si ratios: forearc mantle serpentinites and hydrated abyssal peridotites. Forearc serpentinites occur in the Himalayas and along a major deformation zone in Cuba. All serpentinites in the Alps and most serpentinites in Cuba are hydrated abyssal peridotites. Himalayan serpentinites have low Al/Si and high Mg/Si ratios in bulk rock compositions, and high Cr in spinel; they were serpentinized by fluids released from the subducted Indian continent and enriched in fluid-mobile elements, and show high The data support the contribution of S and Sr from seawater and sediments. These serpentinites are not highly enriched in fluidmobile elements because serpentinization occurred at a high water/rock ratio. Alkali elements are conspicuously unenriched in all serpentinites. This lack of alkali enrichment is explained by slab retention of alkalis. This is also consistent with the observation of relatively low alkali concentrations in volcanic front magmas, since partial melting related to the volcanic fronts is triggered by dehydration of serpentinites.
Sr, up to 0.730, similar to the values of rocks of the subducted margin of the Indian continent. Although Himalayan serpentinites have a similar refractory geochemical signature as the Mariana forearc serpentinites, the former contain markedly high concentrations of fluid-mobile elements and high 87 Sr/ 86 Sr compared to the latter that were hydrated by subducted Pacific Ocean crust. The data indicate that the enrichment of fluidmobile elements in forearc serpentinites depends on the composition of subducted slabs. Alpine serpentinites and most Cuban serpentinites show moderate Al/Si similar to abyssal peridotites. Hydration of peridotites near the seafloor is supported by micro-Raman spectra of earlier formed lizardite, high d 34 S (+11 to +17%) of sulphides, and elevated 87 Sr/ 86 Sr, ranging from 0.7037 to 0.7095. The data support the contribution of S and Sr from seawater and sediments. These serpentinites are not highly enriched in fluidmobile elements because serpentinization occurred at a high water/rock ratio. Alkali elements are conspicuously unenriched in all serpentinites. This lack of alkali enrichment is explained by slab retention of alkalis. This is also consistent with the observation of relatively low alkali concentrations in volcanic front magmas, since partial melting related to the volcanic fronts is triggered by dehydration of serpentinites.
Introduction
[2] Serpentinites are important in subduction zones because they contain up to 13 wt% water, and are stable at considerable depths, down to $100 km [e.g., Wünder et al., 2001] . Thus serpentinites are large reservoirs of water and effective vehicles for its transport from the shallow crust to the mantle. Water is essential for the production of arc magmas and in the transfer of elements from slabs to mantle wedges and from mantle wedges to arc magmas. In addition, because of their physical properties, serpentinites may contribute to a variety of processes in subduction zones. For example, buoyant serpentinites, compared to anhydrous peridotites, may play a significant role in the exhumation of ultrahigh pressure (UHP) and high pressure (HP) metamorphic rocks [e.g., Schwartz et al., 2001] , and the large volume change associated with the dehydration of serpentinites may be responsible for deep seismic activity in subduction zones [e.g., Dobson et al., 2002] .
[3] Our earlier studies of serpentinites associated with the Tso Morari UHP unit in the Himalayas demonstrated that these serpentinites originated from the base of the mantle wedge underlying Eurasia, with the precursor peridotites hydrated by waters released from the margin of the Indian continent [e.g., Guillot et al., 2001; Hattori and Guillot, 2003] . Our interpretation is consistent with the growing geophysical evidence, including seismic, electrical and magnetic data, for the occurrence of hydrated forearc-mantle peridotites in many subduction zones [e.g., Kamiya and Kobayashi, 2000; Bostock et al., 2002; Brocher et al., 2003; Blakely et al., 2005; Soyer and Unworth, 2006] .
[4] In oceanic subduction zones, voluminous serpentinites are closely associated with omphacitic eclogitic rocks that were originally oceanic basalts and gabbros [e.g., Pognante and Kienast, 1987; Hacker, 1996] . The common occurrence of serpentinites on the Atlantic ocean floor [e.g., Cannat, 1993; Cannat et al., 1997] and other slow-to ultraslow-spreading oceanic lithosphere [e.g., Horen et al., 1996; Dick et al., 2003; Mével, 2003; Bach et al., 2002] suggest that some of these serpentinites may have originated from oceanic lithosphere [e.g., Lagabrielle and Cannat, 1990; Scambelluri et al., 1997] .
[5] This paper presents chemical, mineralogical and isotope data for serpentinites associated with HP and UHP rocks in three orogenic belts: the Himalayas, the Alps and Cuba. In the Himalayas, HP and UHP rocks have a metasedimentary origin, and were deposited on the margin of the Indian continent. In the latter two locations, UHP and HP rocks originated from subducted oceanic basalts and gabbros [e.g., Pognante and Kienast, 1987; Schneider et al., 2004] . Petrogenetic studies of many igneous rocks commonly use large-ion lithophile elements to infer their origins. However, serpentinites contain low concentrations of such elements. In addition, many large-ion lithophile elements are highly mobile during serpentinization. Therefore we use compatible and fluid-immobile elements to characterize the protoliths of these serpentinites.
Samples
2.1. Himalayas [6] We examined serpentinites in the Tertiary subduction complex of the Ladakh area, northwest Himalayas. The subduction complex formed during the closure of the Tethyan ocean by subduction of oceanic crust, by accretion of the Nidar and Spontang oceanic arcs, and by the eventual subduction of the margin of the Indian continent beneath Eurasia [e.g., Guillot et al., 2001] . Samples (CH98A, CH 98B, CH146, CH187, CH422, CH423, CH430, CH433) were collected from discontinuous lenses of serpentinites, 100 Â 1000 m in size, along the Zildat fault in contact with the Tso Morari UHP unit, 100 Â 50 km in size ( Figure 1a ). The Tso Morari unit was once a shallow-water sedimentary sequence deposited on the margin of the Indian continent prior to being subducted beneath Eurasia at $55 Ma Leech et al., 2005] . The sedimentary rocks reached a depth of $100 km and a temperature of $600°C at $50 Ma [O'Brien et al., 2001; de Sigoyer et al., 2004] before being exhumed together with the serpentinites. For comparison, we also used serpentinite samples from the Indus Suture Zone (Figure 1a ). Samples CH35A and TS18C were collected at the base of the highly deformed Nidar arc ophiolite complex and CH52C from the tectonic mélange of the Drakkarpo unit, which is an accreted oceanic island [Guillot et al., 2000] (Figure 1a ).
Alps
[7] The western Alps formed during subduction of the Piedmont-Liguria domain of the Tethyan oceanic lithosphere beneath Apulia, between late Jurassic and early Tertiary [e.g., Agard et al., 2002; Lombardo et al., 2002] . The rocks in the area are divided from west to east into three tectonometamorphic blocks, forming a west-dipping nappe structure: the Queyras Schistes Lustrés complex, the eclogitic Monviso massif, and the UHP Dora Maira complex to the east (Figure 1b) . The Queyras Schistes Lustrés complex is composed of kilometer-scale slices of meta-ophiolites embedded within the voluminous Mesozoic metasedimentary rocks [e.g., Blake et al., 1995] . The complex shows a record of increasing metamorphic pressures and temperatures from lawsonite-blueschist facies in the western part to a transition between zoisiteblueschist and eclogite facies in the eastern part [Caby, 1996; Agard et al., 2001] . The structurally underlying Monviso massif contains voluminous omphacite-bearing metavolcanic and metagabbroic rocks with minor (<20 vol%) metasedimentary rocks [Schwartz et al., 2001] . Eclogites occur as Figure 1a . Geological map of Ladakh area in northwestern India showing sample locations along the northern edge of the Tso Morari massif and in the Indus suture zone. Solid circles are villages and towns. Map modified after Guillot et al. [2001] . Samples CH35A and TS18C were collected at the base of the highly deformed Nidar arc complex (labeled ''Nidar'' in the Indus Suture zone of the map). CH52C came from the Drakkarpo unit, which is an accreted oceanic island just south of the Nidar ophiolite complex. Both are in the Indus Suture Zone.
boudins in a matrix of serpentinites or highly deformed meta-basalts in mélange. The calculated metamorphic pressures and temperatures vary among different boudins in the serpentinites, suggesting that different boudins correspond to different blocks of oceanic crust that were subducted to different depths [Blake et al., 1995] . The nappe structure, including the Dora Maira massif, is overlain by the Chenaillet ophiolite massif, which represents an obducted portion of the Tethyan oceanic crust. Therefore the Chenaillet massif escaped the Alpine metamorphism that affected all rocks in the underlying nappe structure.
[8] Serpentinites are abundant, constituting $40 vol% of the entire area [Schwartz et al., 2001] . Serpentinite samples were collected from the Chenaillet massif (S621-1, K621-4), Queyras Schistes Lustrés (S622-3, S626-1, S626-3, S629-1, S632-1) and Monviso massif (S623-1, K624-2, K624-3, K624-7, K624-10, S625-4, S625-5, K625-6, S627-1, S628-1).
Cuba
[9] Cuba is located in the northern part of the extinct Greater Antilles volcanic arc. Formation of the island started with development of an early Cretaceous arc on the southern margin of the North American plate in response to eastward subduction of the Farallon plate in the Pacific Ocean. A polarity reversal of subduction took place in Aptian-Albian time and the southward subduction of the Proto-Caribbean oceanic plate resulted in formation of the late Cretaceous arc on the northern margin of the Caribbean plate [Hutson et al., 1998 ]. Our serpentinite samples were collected from the Zaza zone and Escambray massif in the central Cuba (Figure 1c ). The Zaza zone is essentially a large mélange, a mixture of lenses and fragments of eclogitic basalts and gabbros plus deformed serpentinites [Piotrowska, 1993] . It represents an accretionary prism developed north of the late Cretaceous arc during the southward subduction of the Proto-Caribbean oceanic plate, that formed at a slow-spreading Proto-Caribbean ridge [Pindell et al., 1988] .
[10] The Escambray massif is an accretionary prism developed in a forearc of the Cretaceous Caribbean ''Great Arc'' [Burke, 1988; Pindell et al., 2005] during the subduction of the Farallon oceanic plate [e.g., Hutson et al., 1998; Schneider et al., 2004; Stanek et al., 2006] . The massif is a mélange composed of metasedimentary rocks, lenses of serpentinites several hundred meters in length, and metamorphosed basalts (Figure 1c ) [Schneider et al., 2004; Stanek et al., 2006] . Millán [1997] identified three nappes in the massif, with increasing metamorphic grade toward the north: greenschist facies, lawsonite-blueschist facies and zoisite-eclogite facies (Figure 1c ).
[11] Samples (Cu54, Cu55, Cu56, Cu62) were collected from the eclogite-bearing serpentinite mélange in the Zaza zone, whereas other samples (Cu51, Cu63) came from the deformation zone between the Zaza zone and the base of the Cretaceous arc to the north (Figure 1c ). In the Escambray massif, samples (Cu12, Cu24, Cu65) were collected from the zoisite-eclogitic facies nappe, and sample Cu69 came from the greenschist-facies nappe (Figure 1c ).
Analytical Procedures

Bulk Rock Composition
[12] Hand specimens were washed with Milli-Q water after removing weathered surfaces. After crushing the samples into small fragments, <2 cm, clean pieces that were free of cracks and veins were handpicked. These samples were again washed with Milli-Q water before grinding in a ceramic dish. Major and minor element concentrations were determined using a Philips PW 2400 X-ray fluorescent spectrometer at the University of Ottawa. Replicate runs of rock references (MRG-1, Sy-2, JP-1) indicate an accuracy and precision of <0.8% for major elements and 10% for minor elements, in terms of quoted values. Pt; the isotope ratios were determined with an Agilent HP 4500 ICP-MS at the University of Ottawa. The analytical procedure is essentially identical to that discussed by Ravizza and Pyle [1997] . Blank contributions were 0.002 -0.004 ng Ru/g flux, 0.002-0.007 ng Ir/g flux, 0.002-0.006 ng Os/g flux, 0.07-0.16 ng Pt/g flux and 0.03-0.12 ng Pd/ g flux, negligible compared to the sample amounts; thus blank corrections were not applied to the results.
Mineral Compositions
[14] Mineral compositions were determined using a Cameca CAMEBAX SX100 microprobe with count time of 10 s/element, 20 kV accelerating potential and 20 nA sample current. Standards used were albite (Si), MgO (Mg), Al 2 O 3 (Al), Cr 2 O 3 (Cr), Fe 2 O 3 (Fe), TiMnO 3 (Ti, Mn), vanadinite (V), NiO (Ni) and Co metal (Co). The Fe 2 O 3 contents of spinel were calculated assuming a stoichiometric composition. Sulphide minerals were identified using JEOL 6400 digital scanning electron microscope equipped with a 40°take-off angle and a Link X-ray analyzer.
Strontium Isotope Compositions
[15] For Sr isotopic analysis, samples were dissolved using HF-HNO 3 (5:1) in Savillex screw-top Teflon vials at 180°C for >24 hrs. After repeatedly drying and dissolving the residue in HCl, the sample was loaded in 2.5 N HCl on cation resin (Bio Rad AG 50 W-X8, 200-400 mesh) and Sr was eluted with 2.5 N HCl [Hart and Brooks, 1977] . Total chemical blanks are less than 0.05 ng for Sr, negligible in comparison to the amount of Sr in samples. HCl was double distilled in Savillex Teflon distillation vessels at sub-boiling temperatures. Double distilled HF and HNO 3 were purchased from Seastar Chemicals, British Columbia.
[16] Isotopic measurements were made on a multicollector thermal ionization mass spectrometer (Finnigan MAT 261) 
Sulphur Isotopes
[17] Total sulphur was extracted as H 2 S from approximately 30-35 g bulk rock by reacting the samples with KIBA [Sasaki et al., 1979] in a Pyrex flask. The H 2 S was precipitated as Ag 2 S and the weight of Ag 2 S was used to calculate the concentration of total S in the samples. For sulphur isotope analysis, the Ag 2 S was mixed with V 2 O 5 (1:2 weight ratio) in Al foil and placed in a Carlo Erba 1110 elemental analyzer to yield SO 2 at 1700°C. The SO 2 gas was introduced to a Finnigan-Mat Delta Plus mass spectrometer at the University of Ottawa after passing through 7 mL of silica at 1000°C and Cu at 600°C. The analytical procedure is essentially identical to that described by .
Petrology
[18] Serpentinites from the Himalayas consist mainly of antigorite and spinel with minor chlorite, talc and secondary olivine (Figures 2a and 2b) . The secondary olivine replaces antigorite and commonly contains inclusions of magnetite and antigorite ( Figure 2a) ; it is characterized by high Mg (Fo > 96; Table 1a ), which is too high to be primary olivine (Fo < 94) in mantle peridotites. Primary chromite grains are almost always rimmed by ferritchromite and magnetite (Figure 2b ). Sulphide minerals are extremely rare, but very small (<5 mm) grains of millerite (NiS) and heazlewoodite (Ni 3 S 2 ) were identified. Serpentinites from the Alps and Cuba also contain antigorite as the predominant serpentine mineral and minor chrysotile, lizardite, 
Serpentine Minerals
[19] Antigorite is the major serpentine mineral in all samples. The predominant occurrence of antigorite as a serpentine mineral in our samples is consistent with the close association of samples with eclogites in the field, as described in the geological settings, because antigorite is the hightemperature phase of serpentine minerals [Evans, 1977; Wünder et al., 2001] . Antigorite commonly forms blades instead of pseudomorphs of silicate minerals, but the relict olivine grains can be distinguished in some samples, as the original grains are outlined by dusty magnetite. Serpentinized orthopyroxene grains are recognized in magnetite-free areas of antigorite in several samples.
[20] Himalayan samples contain rare veinlets of lizardite in the matrix of antigorite. This crosscutting relationship suggests that the lizardite formed later at lower temperatures. On the other hand, Cuban and Alpine samples show evidence for the early formation of lizardite. A detailed micro-Raman study combined with transmission electron microscopy of serpentinite samples by Auzende et al. [2002 Auzende et al. [ , 2006 found minor lizardite along cracks of silicate minerals, surrounded by antigorite in Cuban samples Cu12 and Cu55 ( Figure 3 ) and Alpine sample K624-2. A similar occurrence of lizardite and cross-cutting antigorite was also observed in an Alpine sample (S626-11) during this study. Lizardite is a low-temperature phase of serpentine minerals [e.g., Evans, 1977] and is cut by antigorite in the Cuban and Alpine Table 1b [22] Alpine samples have been extensively and pervasively oxidized, and Cr-spinel grains are all converted to Cr-bearing magnetite. Spinel grains from Cuban samples are also oxidized to magnetite. Sample Cu 55 contains relict primary olivine and pyroxenes, but chromite grains are all porous and oxidized to magnetite. Relic chromite grains were found only in two samples, Cu51 and Cu63 Table 1c ). Significant amounts of Al in chromite grains suggest an undepleted nature of the protoliths of the serpentinites. Indeed, they plot in the area for less refractory forearc mantle peridotites and also in the refractory part of abyssal peridotites [Dick and Bullen, 1984] (Figure 4 ).
Results
Major Elements
[23] Bulk rock compositions of most samples contain high MgO (30-42 wt%), Cr (>2000 ppm) and Ni (>2000 ppm), and low Al 2 O 3 (0.31-2.8 wt%; Tables 2a, 2b , and 2c). In terms of Mg/Si versus Al/Si, most samples show lower Al/Si than primitive mantle values ( Figure 5a ). The data suggest that the samples are refractory peridotite residues after partial melting, because Al is mildly incompatible with mantle minerals and is depleted during partial melting. Several samples show distinctly higher Al 2 O 3 values than primitive mantle value (Figure 5a and Tables 2a, 2b , and 2c); for example, the Al 2 O 3 contents in Cu69, Cu62, and S621-1 are 20.7, 7.7, and 13 wt%, respectively. These samples also contain high CaO (3-15 wt%) and low Cr (<400 ppm) and Ni (<400 ppm). Since, CaO is preferentially removed during the partial melting in the mantle, the high Ca and Al suggest that these samples are ultramafic cumulates.
[24] Compared to the other serpentinite samples, the Himalayan samples are the most refractory serpentinites, with high MgO (>36 wt%) and low Al 2 O 3 (<1.2 wt%; Table 2a ); they plot in a vertical array on the Mg/Si versus Al/Si diagram ( Figure 5b ). The observed vertical array at a low Al/Si ratio suggests that they are derived from a highly refractory mantle, since Si is removed from peridotites after Al during partial melting. The vertical array displayed by Himalayan samples is similar to that for the Mariana forearc serpentinites ( Figure 5b ).
[25] Alpine serpentinites contain generally higher Al than Himalayan samples ( Figure 5b and Table 2c (Figure 5b ).
[26] Most samples from Cuba plot in the field of abyssal peridotites on an Al/Si versus Mg/Si diagram (Figure 5b ), but two samples, Cu51 and Cu63, show low Al/Si and plot in an area similar to that from the Himalayas and Mariana forearc serpentinites. As mentioned, these two samples differ in spinel composition and texture from the rest of the Cuban samples, and resemble Himalayan samples (Figure 5b) . The difference in bulk rock compositions, and the texture and composition of spinel suggests that the two serpentinite samples are different from the rest of the Cuban samples; they may be similar to forearc-mantle serpentinites from the Himalayas.
[27] The ratios of Mg/Si and Al/Si appear to provide definite parameters indicating a primary nature of the protoliths of the peridotites, but not all major elements are immobile. The CaO is highly mobile, and its depletion is noted in all samples from the Alps and most samples from Cuba ( Figure 6 ). The data suggest that alteration of clinopyroxene is accompanied by dissolution of Ca.
[28] The Mg# values (atomic ratios of Mg/[Mg + Fe 2+ ] or Mg/[Mg + SFe]) in bulk rocks) are commonly used to show the degree of depletion after partial melting; however, we do not use these values since it is not possible to determine the concentrations of Fe 2+ in spinel-containing rocks. Furthermore, the Mg# appears not as sensitive as Al/Si ratios as a parameter for the degrees of partial melting, since most serpentinite samples have a similar Mg#, $0.90, using total Fe content.
Minor and Trace Elements
[29] The compositions of serpentinites indicate the enrichment of fluid-mobile elements (Figure 6 ). To quantify the degrees of enrichment, we selected Ce as a reference, although Ce is still mobile in hydrothermal fluids (Figure 6 ). Strictly speaking, therefore, Ce is not a suitable reference, but it is the most abundant REE and its concentrations are available from many other samples in literature. Furthermore, Ce is considered to have a similar incompatibility as Pb during partial melting in mantle peridotites [e.g., Hofmann et al., 1986; Noll et al., 1996] . Therefore Ce was used as a reference to compare the degrees of mobility of other fluidmobile elements (Figures 7a and 7b) . The ratios of Pb/Ce for our serpentinites show that Pb is highly enriched in comparison to anhydrous abyssal peridotites; also, the enrichment is greatest in Himalayan samples (Figure 7a ). Cuban and Alpine samples show the enrichment of soluble chalcophile elements, but not as great as Himalayan samples (Figure 7a ). Two samples from the deformation zone in Cuba, which were noted for their different spinel textures and low Al/Si compared to other Cuban samples, show evidence for a high enrichment of chalcophile elements, including Pb, in comparison to the other Cuban samples (Figure 7a ).
[30] Chalcophile elements have an affinity with S and are commonly concentrated in sulphide minerals in crustal rocks. Our earlier X-ray absorption study indicates that As in Himalayan serpentinites is mostly As
5+
, and that As is not hosted by sulphides. Instead, As is hosted by oxides and antigorite in the samples. The low concentrations of S and the lack of positive correlations between the concentrations of these chalcophile elements and S also support this interpretation. [1992], Yamamoto et al. [1992] , and Parkinson and Pearce [1998] . The field of hydrated peridotites, mostly harzburgites, from the MARK section, mid-Atlantic ridge (light solid line), is from Burgath et al. [1997] and Casey [1997] . Serpentinites from the MARK region are mostly refractory harzburgites and not totally enclosed within the abyssal peridotite field (light shaded area) that is defined by 10th and 90th percentile values of 126 abyssal peridotite samples compiled by Niu [2004] . Data from Alps include those obtained by Chalot-Prat et al. [2003] , shown in diamonds, Chenaillet and Monviso (solid diamonds), and Schistes Lustrés (grey diamonds). The compositional variation expected during partial melting is shown with arrows. Residues have higher Mg/Si and lower Al/Si, whereas melt has a lower Mg/Si and higher Al/Si. Symbols are the same in Figure 4 for Himalayan samples (flat diamonds) and Cuban samples (squares). Note the large compositional variation for Cuban samples, because they originated from peridotites in a mantle wedge and also abyssal peridotites. [31] We examined the degrees of the enrichment of alkalis using Rb/Ce ratios, using Rb to represent alkalis instead of the more abundant K because the concentrations of Rb were precisely determined using the isotope dilution technique.
[32] Alkalis are highly soluble in water at relatively low temperatures, but their enrichment in serpentinites is not as apparent as Pb. The primitive mantle-normalized ratios of Rb/Ce are comparable to or lower than those of abyssal peridotites, indicating that there is essentially no enrichment of Rb during the hydration of peridotites. High Rb/Ce ratios are observed in several serpentinites from the Alps, especially those from Schistes Lustrés accretionary prism that is dominated by metasedimentary rocks [e.g., Agard et al., 2001] . Because sediments contain high Rb and low REE, high observed ratios of Rb/Ce are most likely explained by the incorporation of aqueous fluids from sediments.
Platinum Group Elements
[33] All mantle peridotite samples contain high Irtype PGE (Os, Ir and Ru), comparable to primitive mantle values (Figure 8 and Table 2d ), confirming that they are mantle residues of partial melting because refractory Ir-type PGE are low in partial melts [e.g., Righter et al., 2004; Brenan et al., 2005] . Samples identified as ultramafic cumulates, on the basis of high Al/Si ratios in bulk-rock compositions (Figure 5a ), contain low Ir-type PGE compared to the primitive mantle values (Figure 8 ). For example, ultramafic cumulate samples TS18 and Cu69 (Figure 5a ) plot outside the field for mantle peridotites; rather, they are similar to ultramafic cumulates from the base of Talkeetna arc, Alaska, and the base of the Kohistan arc (Figure 8 ).
[34] Among the PGE, Cuban and Alpine samples show a significant variation in Pd contents with comparable concentrations of Ir. For example, sample K624-10 from Lago Superiore in Monviso contains low Pd, 0.59 ppb, which is much lower than other samples from the Alps (3.3 to 7.2 ppb Pd), even lower than the primitive mantle value. The variation of Pd concentration is most likely explained by its relatively high mobility in aqueous fluids [e.g., Hattori and Cameron, 2004; Hinchey and Hattori, 2005] . Hattori and Guillot [2003] . Rubidium was used to represent alkalis because the concentrations of Rb were precisely determined using isotopic dilution.
Strontium Isotope Compositions
the upper mantle value of 0.7027 [e.g., Allègre et al., 1983] , whereas the high values are similar to 87 Sr/ 86 Sr of present-day marine Sr, $0.709 [Faure, 2005] (Figure 9 ). Considering that marine 87 (Figure 9 ).
Sulphur Concentrations and Isotope Compositions of Serpentinites
[36] Himalayan samples have low concentrations of S, all less than 51 ppm S. Most samples contain S below the Kiba-method detection limit of 4 ppm S. Therefore only a limited number of samples yielded S isotopic compositions; these values have a relatively narrow spread, ranging from À6.5 to + 4.3% (Table 3) . Alt and Shanks [2006] found high concentrations, up to 3,588 ppm, of sulphate S in Mariana forearc serpentinites, but we did not find any sulphate S in our samples. A high concentration of S is present in one sample (TS 18C) in the Himalayan serpentinites, collected at the base of Nidar arc ophiolite complex (Figure 1a) . It contains 744 ppm S and is enriched in 34 S, +12.6% (Table 3) .
[37] Most Alpine and Cuban samples contain S below 4 ppm, except for two cumulate samples (K625-5 and K625-6) from the Alps containing high S, up to 2400 ppm S (Table 3 ). All Cuban serpentinites yielded low S contents, <5 ppm. The data are surprising considering that they originated from abyssal peridotites, and that high concentrations of sulphide S (up to 1 wt%) are reported for serpentinites in the MARK area of the mid-Atlantic ridge [e.g., Alt and Shanks, 2003] . Isotopic compositions of sulphide S that were measurable in our samples are overall enriched in 34 S, from +11 to +17% (Table 3) , which is consistent with the contribution of 34 S-rich marine sulphate S. This is distinct from all but one of the Himalayan samples.
Discussion
Protoliths of Serpentinites
[38] Major-element concentrations of serpentinites indicate that the Himalayan samples originated from highly refractory peridotites. Both bulk-rock compositions and chromian spinel data for the Figure 8 . Iridium and Ir/(Pt + Pd) weight ratios of bulk rocks. Primitive mantle value is shown with a large solid circle, labeled PM. The field for mantle peridotites includes abyssal peridotites [Snow and Schmidt, 1998; Rehkämper et al., 1999] , Horoman, Japan [Rehkämper et al., 1999] , Ronda and Beni Bousera [Garuti et al., 1996; Gueddari et al., 1996] , and Zabargad, Red Sea [Schmidt et al., 2000] . The fields for ultramafic cumulates include data from the Jijal ultramafic complex at the base of the Kohistan arc, northern Pakistan [Hattori and Shirahase, 1997] , and Talkeetna arc [Hattori and Hart, 1997] . The symbols are the same as in Figure 5 . Iridium is a refractory Ir-type PGE, whereas Pt and Pd are preferentially incorporated in partial melt. Therefore the ratios of Ir/Pt + Pd are expected to be low in partial melt. Himalayan serpentinites are similar to those of Mariana forearc serpentinites. The Himalayan serpentinite samples are closely associated with the Tso Morari UHP unit ], a metamorphic product of continental margin sediments. There are no oceanic rocks in the vicinity of the area. Therefore these serpentinites originated from the base of the forearc-mantle wedge overlying the subducted Indian continent underlying the margin of Eurasia.
[39] Most Cuban and Alpine samples have variably less refractory geochemical signatures, with significant concentrations of Al and Ca in bulk-rock compositions compared to the Himalayan samples (Figure 5b ). These serpentinites are comparable in bulk-rock composition to abyssal peridotites ( Figure 5 ), and such an origin of the serpentinites is supported by their occurrences. In Cuba and the Alps, serpentinites are voluminous and are associated with omphacitic eclogites, which are metamorphic products of oceanic basalts and gabbros [e.g., Pognante and Kienast, 1987; Schneider et al., 2004] .
[40] Two Cuban samples (Cu51 and Cu63) from the deformation zone between the northern margin of the UHP Zaza zone and the base of arc igneous rocks show lower Al/Si in bulk-rock compositions than the majority of Cuban serpentinites (Figure 5b ). Low Al/ Si ratios are similar to the Himalayan and Mariana forearc serpentinites (Figure 5b ). In addition, chromite is still present in cores of spinel grains and rimmed by ferritchromite and magnetite in these two Cuban samples. The texture of spinel grains is similar to that of spinel in Himalayan serpentinites.
These two samples are interpreted to be mantlewedge peridotites, but Cr# in spinel grains are distinctly low compared to the Himalayan samples (Figure 4) . Moderate values of Cr# are consistent with the relatively low Mg/Si ratios for bulkrock compositions compared to high ratios of the Himalayan and Mariana forearc serpentinites (Figure 5b) , suggesting that the Cuban mantle wedge was not as refractory as that in the more mature subduction systems of the Himalayas and Mariana. In Cuba, the southward subduction of the Proto-Caribbean oceanic plate just started in the late Cretaceous, shortly before exhumation of the serpentinites.
[41] An abyssal peridotite origin of all Alpine samples and most Cuban samples agrees with their association with omphacitic eclogites, which were originally oceanic basalts and gabbros before highpressure metamorphism in subduction zones [e.g., Pognante and Kienast, 1987; Schneider et al., 2004] . Furthermore, this interpretation is also supported by the nature of subducted oceanic plates in Cuba and the Alps, i.e., produced at very slow spreading ridges [e.g., Lagabrielle and Cannat, 1990; Pindell et al., 1988] . Oceanic plates produced at slow-to ultraslow-spreading ridges, such as the Atlantic Ocean plate, commonly contain thin and discontinuous basaltic crust [e.g., Gràcia et al., 1977; Dick et al., 2003] and exhibit abundant exposure of mantle peridotites on the seafloor [e.g., Cannat, 1993; Cannat et al., 1997; Lagabrielle et al., 1998; Mével, 2003 ].
[42] The oceanic origin of our samples from the Alps and Cuba is further supported by micro- Figure 9 . Strontium isotope compositions of serpentinites. Symbols for Cuba (open squares) and Himalaya (flat diamonds) are the same as in Figure 5 . Alps data include three serpentinite samples (open tall diamonds) from Chalot-Prat et al. [2003] . Shaded area shows the values for mid-oceanic ridge basalts (MORB), abyssal peridotites altered by seawater [Kimball and Gerlach, 1986; Snow et al., 1994] , and arc magmas [Heath et al., 1998; Faure, 2005] . 2007GC001594 Raman spectral data that show low-temperature serpentine minerals as early phases and high-temperature antigorite as a late phase [Auzende et al., 2002 [Auzende et al., , 2006 (Figure 3) . Serpentinization in abyssal peridotites mostly takes place at relatively low temperatures, on or near the seafloor, and is followed by antigorite formation during subduction of the oceanic plate.
Geochemistry Geophysics
[43] Alpine serpentinites possess district-scale compositional variations (Figure 5b) . The serpentinites in the Chenaillet massif are least refractory compared to most abyssal peridotites and serpentinites in the Monviso massif, suggesting that the two massifs represent two different areas. The Schistes Lustrés serpentinites show a large compositional variation, ranging between those of the Monviso and Chenaillet samples. This variation supports the origin of Schistes Lustrés as being a metasedimentary accretionary prism containing different slices of oceanic lithosphere [Agard et al., 2001] . The least refractory nature of peridotites in the Chenaillet massif agrees with the composition data of basaltic rocks from the massif. ChalotPrat et al. [2003] showed that the basalts have an affinity with ''enriched mid-oceanic ridge basalts (E-MORB)''. Considering the geological events in the area, oceanic rocks in the early formed Chenaillet massif were likely produced at an immature oceanic ridge near continents. The geochemical signature of E-MORB from the igneous rocks is explained by interaction with continental lithosphere. On the other hand, the oceanic rocks now in the Monviso massif were produced at a fully developed ridge, with little influence from distant continents; they are therefore more refractory than the Chenaillet samples.
[44] The above discussion emphasizes that majorelement ratios of Mg/Si and Al/Si did not change during the hydration and metamorphism of peridotites, and also that the ratios reflect those of anhydrous peridotites. The hydration of peridotites in the mantle wedge was presumably continuous at low to high temperatures, >300°C, and high pressures. The serpentinization of abyssal peridotites may occur at high temperature, associated with ocean-ridge hydrothermal activity. Furthermore, serpentinites in oceanic lithosphere were heated again when they were subducted. Although Al, Si and Mg are relatively immobile, Si is known to migrate in aqueous fluids at temperatures as low as 400°C [Allen and Seyfried, 2003 ]. Thus such loss of Si may cause higher Mg/Si and Al/Si ratios in serpentinites than anhydrous peridotites. However, we discount this possible mobility of Si as the cause for the observed variation of Mg/Si and Al/Si in our samples. First, the data do not show a positive slope expected from the loss or addition of Si (Figure 5b) . Secondly, the major-element compositions of serpentinites of partially and totally hydrated peridotites in each district are very similar to one another. For example, samples Cu55 and Cu56 are close, <1 km from each, in the Zaza zone in Cuba; Cu55 retains unaltered pyroxenes and olivine with 6.1 wt% loss of ignition (LOI), whereas sample Cu56 is fully hydrated with 13.7 wt% LOI. The ratios of Al/Si and Mg/Si for the two samples are very similar, $0.06 for Al/ Si and $1.19 for Mg/Si. Similarly, all samples from Monviso have a very small variation in Mg/Si versus Al/Si ratios, even though they have different degrees of hydration, ranging from 3 to 13 wt% H 2 O (Figure 5b) . Thirdly, peridotites in the MARK region of the Mid-Atlantic ridge show a wide range in LOI, from 4 to 13 wt% [Casey, 1997] , but the weight ratios of Al/Si and Mg/Si are similar (Figure 5b) Variably serpentinized peridotites show a similarly low Al/Si ratio. Therefore the ratios of Mg/Si and Al/Si likely represent those of the primary peridotites. The concentrations of Si, Al and Mg are readily available and these data provide useful criteria to identify serpentinite sources.
[45] This proposed interpretation, no significant change in Mg/Si and Al/Si during hydration to form serpentinites, does not mean that the concentrations of all major elements remained constant. Among the major elements, Ca is clearly mobile (Figure 6 ). For example, the content of CaO in fully serpentinitized Cu56 is 0.14 wt%, compared to 3.12 wt% in partially serpentinized sample Cu55, both of which were collected within a short distance, less than 100 m of each other. The depletion of CaO is most prominent in Alpine serpentinites ( Figure 6 ). A depletion of CaO has been noted in hydrated abyssal peridotites by previous workers, such as King et al. [2003] , who reported progressively lower CaO in more hydrated peridotites in the accretionary prism of the Franciscan Complex. This evidence suggests that CaO is removed by seawater during hydration of abyssal peridotites on or near the seafloor or ridge hydrothermal systems. The depletion of Ca from ultramafic rocks during the interaction with seawater is further supported by experimental data. Allen and Seyfried [2003] noted in their hydrothermal experiments that Ca is quickly leached by saline waters from clinopyroxene-bearing ultramafic rocks. The high mobility of Ca is also supported by elevated concentrations of Ca in seawater that has reacted with abyssal peridotites [e.g., Kelley et al., 2001] . Other supporting evidence is the occurrence of abundant calcite pillars near submarine hydrothermal vents in regions dominated by ultramafic rocks, such as Lost City [e.g., Kelley et al., 2001; Früh-Green et al., 2003] . Therefore both field observations and experimental data suggest that clinopyroxene and amphiboles are not stable during serpentinization, and readily release Ca during their hydration. This high mobility of Ca is consistent with the very rare retention of clinopyroxene grains in our serpentinites.
Source of Water for the Hydration of Peridotites
[46] The sources of water for hydration are considered on the basis of the protoliths of the serpentinites. For forearc-mantle peridotites, it appears that they were hydrated by the water released from subducted slabs. For abyssal peridotites, it is likely that seawater contributed to the hydration. The sources of water can be further evaluated using isotope data.
[47] Strontium isotope compositions of serpentinites agree with the forearc-mantle origin of Himalayan samples, and an abyssal-peridotite origin of most Alpine and Cuban samples. In the Himalayas, the northern margin of the Indian continent was subducted below the southern margin of Eurasia after collision between the two continents at the time of the Paleocene-Eocene boundary, at $55 Ma [e.g., Leech et al., 2005] . There were shallow-water sediments on the margin of the Indian continent including evaporites, sandstones, and mudstones [e.g., Steck et al., 1993] Sr than oceanic Sr because of the influx of riverine Sr from the surrounding continents. Furthermore, the clastic components of these sediments were derived from Precambrian granitic gneisses on the northern margin of the Indian continent, which have high 87 Sr/ 86 Sr (>0.72 [Whittington et al., 2000] ). During subduction, water and fluid-mobile elements were released from these immature sediments and moved upward to the base of the mantle wedge. They were introduced and incorporated into the overlying serpentinites.
[48] We consider that the high concentrations of fluid-mobile elements in the Himalayan samples are explained by their uptake from the subducting slab during hydration of peridotites. It may be argued instead that crustal water may have participated in the hydration of peridotites during their exhumation. We discount this possibility. Once peridotites are hydrated, serpentinites would not incorporate any more aqueous fluids, since unlike smectite minerals, serpentine minerals do not have interlayer sites to accommodate water molecules. Furthermore, serpentine minerals in the Himalayan serpentinites are still mostly antigorite with minor late veins of crysotile. The preservation of antigorite suggests that its composition was likely retained. In addition, numerical modeling suggests that the buoyancy and low viscosity of serpentinites are critical for the exhumation of dense eclogites [e.g., Schwartz et al., 2001; Gerya et al., 2002] . To achieve this buoyancy and low viscosity, the peridotites had to be hydrated before initiation of exhumation of the accompanying eclogites at a depth $100 km.
[49] For the Alpine and most Cuban samples, the hydration of peridotites most likely was caused by seawater, considering that their bulk-rock compositions are very similar to those of abyssal peridotites, and that their associated omphacitic eclogites were originally oceanic basalts and gabbros. This conclusion is supported by 34 Kimball and Gerlach, 1986; Snow et al., 1994] .
[50] Sample K621-4 collected from the base of Chenaillet massif has a rather low Sr (140 Ma) of 0.7054 from a serpentinite sample collected at the base of the Chenaillet massif. The Chenaillet massif does not contain abundant sediments, as does the Shistes Lustrés or the Monviso massif. This lack of sediments overlying ultramafic rocks may partially explain the rather low Sr isotope ratios. In addition, the Chenaillet massif is considered to have formed near continents [e.g., Agard et al., 2001] and the abyssal peridotites were not exposed to seawater for as long a time as the others.
Transfer of Fluid-Mobile Elements From Slabs to Mantle Wedges
Forearc-Mantle Serpentinites
[51] The serpentinite samples are variably enriched in soluble chalcophile elements, including As, Sb, and Pb [Hattori and Guillot, 2003] (Figure 6 ). Our earlier X-ray absorption study indicates that As occurs in the +5 state in Himalayan serpentinites, suggesting that As 5+ was transferred by aqueous fluids from a slab under oxidized condition at shallow depths, <25 km .
[52] The Himalayan samples show the greatest enrichment in these chalcophile elements compared to the Alpine and Cuban samples (Figures 6 and 7a) . This difference between the Himalayan samples Tables 2a -2d . Cu24, only antigorite, from the Escambray massif, associated with eclogites; Cu54, predominantly antigorite with minor chrysotile and talc, from the Zaza zone, embedded with eclogites; Cu55, partially serpentinized lherzolite with the primary olivine (Fo = 90) and pyroxene grains, associated with amphibolite facies metabasalts in the Zaza zone; serpentine minerals are mostly chrysotile with veinlets of a mixture of chrysotile + lizardite, later cut by antigorite (Figure 3) , cumulate with high Si and low Mg (plotted outside Figure 5a ) in Zaza zone, associated with eclogites; Cu69, cumulate (Figure 5a ), mélange zone of Escambray massif, greenschist facies nappe; K621-4, base of Chenaillet ophiolite; K622-3, Queyras Schistes Lustrés; K622-3B, fissile samples adjacent to K622-3; S623-1, Monviso; K624-3, Monviso; K624-7, Monviso; K 625-6 and S625-6. [Pindell et al., 2005] , and 140 Ma for the Alpine samples [Lemoine et al., 1987] . Small errors in ages do not have a significant effect in the calculated initial 87 Sr/ 86 Sr because of low Rb/Sr ratios. and the others is explained by the different modes of hydration among the three locations. The forearc-mantle peridotites in the Himalayas were hydrated by water released from a slab, with aqueous fluids ascending to the overlying mantle wedge, causing hydration of forearc-mantle peridotites. During fluid ascent, the concentrations in solution continually increase because water is continuously consumed by the hydration of peridotites, concentrating the soluble ions in solution. Highly concentrated elements are eventually incorporated in serpentinites, after all the water in the aqueous fluid is consumed. This concentration mechanism is probably the reason why serpentinites that originate from mantle wedges are enriched in fluidmobile elements.
[53] As mentioned above, two Cuban samples (Cu51, Cu63) from the deformation zone adjacent to arc rocks most likely originated from the mantle wedge overlying the subducted oceanic plate, on the basis of low Al/Si ratios (Figure 5b ), relatively high Cr# of chromite (Figure 3) , and the texture of the chromite. It is interesting to note that these two samples contain high concentrations of Pb of all the Cuban samples.
[54] The hydration process of forearc-mantle peridotites suggests that the concentrations of fluidmobile elements in forearc-mantle serpentinites may vary depending on the subducted material. For example, Mariana forearc serpentinites and Himalayan serpentinites show similar Mg/Si and Al/Si ratios (Figure 5b ), but the concentrations of fluid-mobile elements differ greatly. The Mariana forearc serpentinites are underlain by subducted Pacific Ocean lithosphere, whereas the Himalayan serpentinites were underlain by shallow-water sediments on the margin of the Indian continent. Himalayan samples contain high As, up to 275 ppm , whereas Mariana forearc serpentinites contain less than 2.5 ppm As, with an average of 0.48 ppm [Savov et al., 2005] . High As in the Himalayan serpentinites is explained by the high As contents that are common in shallow-water sediments [e.g., Togashi et al., 2000; Smedley and Kinniburgh, 2002] . In addition, granitic clasts in the shallow-water sediments were most likely high in As content and other soluble chalcophile elements [Smedley and Kinniburgh, 2002] .
[55] Serpentinites in forearc mantle may display a compositional gradient with distance from the subducted slabs. Large quantities of water pass through serpentinites in direct contact with the subducting plates and the serpentinites may not be highly enriched in many elements discharged from slabs. On the other hand, partially hydrated peridotites may be highly enriched in fluid-mobile elements because water may have been totally consumed by hydration reactions, leaving all initially dissolved elements to remain in the rocks during hydration. Some elements may not be fixed immediately during hydration; for example, serpentinites in the Himalayas are low in S because evaporites containing sulphate were subducted, which kept the base of the mantle wedge oxidized, as indicated by the occurrence of As +5 in those serpentinites . The SO 4 2À released from the slab was eventually fixed as sulphides in the overlying peridotites because the fO 2 of the aqueous fluids decreased during ascent. The Fe 2+ released from hydrating olivine and pyroxenes also reduces the fO 2 of fluids during serpentinization [e.g., Sleep et al., 2004] .
[56] The variables that affect the abundance of fluid-mobile elements in forearc serpentinites, discussed above, make it difficult to evaluate the global average composition of forearc serpentinites. Furthermore, a volume of serpentinites would be required to evaluate the net amounts of such element recycling in subduction zones, but the distribution of forearc serpentinites is not yet fully characterized from geophysical data [e.g., Kamiya and Kobayashi, 2000; Bostock et al., 2002; Brocher et al., 2003; Blakely et al., 2005; Ramachandran et al., 2005] . Numerical simulations show that the size and distribution of serpentinites may vary greatly along the subduction zones depending on many parameters, such as subduction angle and the nature of subducting plate [e.g., Gerya et al., 2002] .
Hydrated Abyssal Peridotites
[57] The mode of hydration for serpentinites in the Alps and Cuba is distinctly different from that in the Himalayas. All Alpine and most Cuban serpentinite samples originated from abyssal peridotites and were most likely hydrated by seawater. These serpentinites were also enriched in fluidmobile elements by seawater that circulated through sediments, basalts and peridotites, but these elements could not be highly enriched in seawater simply circulating in fractures.
[58] High sulphide S contents are commonly recorded in serpentinites formed in oceanic environments; high sulphide S contents are explained by the reduction of marine SO ever, only two Alpine samples contain significant concentrations of sulphide S in our serpentinite samples; the otherwise low concentrations of sulphide S in our samples from the Alps and Cuba suggest that sulphide may have been removed during subduction, either by decomposition or dissolution. We discount the former possibility because sulphide minerals, mostly pyrrhotite and pentlandite, are stable at temperatures above 600°C. One possible explanation is the relatively high solubility of sulphur in aqueous fluids. During subduction of oceanic lithosphere, sediments lose much of their H 2 O at shallow depths, <30 km [Rüpke et al., 2004] , whereas underlying altered basalts release H 2 O gradually during the entire path of metamorphism. Serpentine minerals remain, but sulphides may dissolve in hot aqueous fluids released from sediments and altered basalts, to be transferred to the overlying mantle wedges.
Transfer of Fluid-Mobile Elements From Slabs to Arc Magmas
[59] Arc magmas are characterized by elevated concentrations of large-ion lithophile elements and fluid-mobile elements [Ryan et al., 1995; Noll et al., 1996] . The commonly held view suggests that the eclogitization of slabs releases aqueous fluids to the overlying mantle wedges; the water then causes partial melting, forming arc magmas [e.g., Peacock, 1993] . Rüpke et al. [2004] demonstrated evidence for the continuous release of fluid from subducting slabs, with over 40 vol% water in sediments released in the very early stages of subduction, at depths shallower than 30 km. This conclusion is supported by the occurrence of As +5 in Himalayan serpentinites, because oxidized As +5 is most commonly released from sediments at shallow levels, <25 km . To explain the apparent contradiction between the lack of volcanism in forearc regions and the continuous release of fluids from slabs, Hattori and Guillot [2003] suggested that the aqueous fluids released from slabs is incorporated in a layer of serpentinites at the base of mantle wedges; thus formation of serpentinite layers keeps the interiors of the wedges dry. The serpentinites at the base of wedges are subsequently dragged down to greater depths by mantle corner flow; the eventual decomposition of serpentinites at a depth of $100 km releases water to the interior of mantle wedges, leading to partial melting and the generation of arc magmatism at volcanic fronts.
[60] The proposed interpretation for arc magmatism is based on our study of Himalayan forearcmantle serpentinites; this is also applicable to oceanic subduction zones, where voluminous abyssal serpentinites are present in the subducting plates. Because the stability of serpentine minerals is pressure-sensitive, serpentinites both overlying and underlying the plates would decompose to orthopyroxene + olivine + water at a depth of $100 km [Wünder et al., 2001] . Elements that cannot be accommodated in orthopyroxene and olivine would be partitioned into the fluid phase and ascend to the interior of the mantle wedge. These fluid-mobile elements are then incorporated into arc magmas during partial melting. Therefore the abundance of fluid-mobile elements in arc magmas at volcanic fronts reflects the compositions of subducted slabs, because forearc-mantle serpentinites are the primary transient reservoir for these elements in the mantle.
Differentiation of Fluid-Mobile Elements
[61] Alkalis are highly soluble in water, but their concentrations are not significant in our serpentinite samples. The low concentrations of alkalis in forearc-mantle serpentinites may be attributed to their retention in subducting slabs. In slabs, alkalis reside in phengite and amphiboles in sediments and altered igneous rocks [e.g., Bach et al., 2003] . Amphibole minerals break down to form clinopyroxene during eclogitization of slabs at the depth of $80 km [e.g., Peacock, 1993] , but sodium and other alkalis released from amphiboles are retained in clinopyroxene and phengite. Phengite has a wide stability field and is stable in subducting slabs until a depth of $300 km [e.g., Domanik and Holloway, 2000] . Sodium in clinopyroxene remains in slabs at even deeper levels.
[62] Alkalis are not high in volcanic-front magmas, and their concentrations increase in arc magmas with increasing distance from trenches [e.g., Gill, 1981; Ryan et al., 1995] ; this is consistent with the low concentrations measured in our forearc serpentinites, because dehydration of serpentinites at $100 km likely triggers partial melting for volcanic front magmas [Hattori and Guillot, 2003 ].
Summary
[63] Serpentinites associated with HP and UHP rocks have three possible origins: ultramafic cumulates, abyssal peridotites, and mantle peridotites from overlying wedges. This study shows that the ratios of Mg/Si and Al/Si provide clear parameters to identify their origins. Himalayan samples are mostly derived from a refractory forearc-mantle wedge with low Al/Si, similar to the Mariana forearc serpentinites. They were hydrated by water released from the subducted margin of the Indian continent and therefore have high concentrations of fluid-mobile elements and high 87 Sr/ 86 Sr ratios.
[64] Serpentinites from forearc-mantle wedges show a strong enrichment of fluid-mobile elements. These elements and radiogenic isotope signatures are transferred to greater depths in the mantle as serpentinites are dragged down in the mantle by mantle corner flow. Eventual breakdown of serpenitine minerals releases water and fluid-mobile elements, contributing to mantle metasomatism in the mantle wedge and arc magmas. Considering the mode of serpentinization, the abundances of fluidmobile elements in forearc mantle serpentinites varies greatly depending on the subducted material.
[65] Serpentinites from oceanic subduction zones, such as in Cuba and the Alps, are associated with high-pressure omphacitic rocks. The association suggest that these serpentinites originated mostly from abyssal peridotites of oceanic plates produced at slow spreading ridges. Alpine serpentinites show a nappe-by-nappe major-element compositional variation, reflecting different domains of abyssal peridotites. Serpentinites from the Chenaillet massif represent fertile peridotites, those from the Monviso refractory peridotites and Schistes Lustrés contain a variety of peridotites.
[66] The abyssal peridotites were hydrated by seawater to form lizardite and minor chrysotile and talc on or near the ocean floor at low temperatures. They were subsequently transformed to antigorite during subduction. The enrichment of soluble elements is not as great as that in the forearc mantle peridotites because hydration took place under a high water/rock ratio environment.
[67] Cuban serpentinites that occur along a major shear deformation are not abyssal peridotites, but originated from a forearc-mantle wedge and show many similarities with the Himalayan forearc mantle serpentinites. This evidence suggests that minor forearc-mantle peridotites can also occur in an oceanic subduction environment.
[68] A lack of alkali enrichment is noted in all serpentinites in this study. Such data suggest that alkalis are retained in sediments and subducted slabs until a depth of $300 km, where phengite may break down. This wide pressure range of the stability of alkali-bearing phases is consistent with the relatively low contents of alkalis in volcanic front magmas and their high concentrations in magmas associated with back-arc volcanism.
